A 21-kb region required for the biosynthesis of the polyketide antibiotic pyoluteorin by the biological control agent Pseudomonas fluorescens Pf-5 was identified and cloned. Seven previously isolated mutants deficient in pyoluteorin production (Plt ؊ ) had Tn5 insertions spanning the 21-kb region. Sequences flanking Tn5 inserts were cloned from genomic DNA of three Plt ؊ mutants and used as probes to identify wild-type alleles of the plt loci from a genomic library of Pf-5. Five cosmids containing overlapping regions of genomic DNA hybridized to one or more of the probes. One cosmid, pJEL1938, contained the entire 21-kb region and, when introduced into a Plt ؊ mutant, partially restored pyoluteorin production. To study the expression of the genes required for pyoluteorin biosynthesis, the transposon Tn3-nice, which contains a promoterless ice nucleation gene (inaZ) and a type I neomycin phosphotransferase gene, was introduced into the genomic plt region of Pf-5. Carbon sources that influenced pyoluteorin production by Pf-5 had parallel effects on ice nucleation activity of Pf-5 containing a genomic plt::Tn3-nice fusion, indicating that inaZ was transcribed from a promoter of the plt region. Cells of Pf-5 containing a genomic plt::Tn3-nice fusion expressed ice nucleation activity on cotton and cucumber seeds planted in field soil. The expression of plt genes by Pf-5 in the cucumber spermosphere was delayed in comparison with expression in the cotton spermosphere. This study demonstrates that genes required for pyoluteorin production were expressed in situ by the biological control bacterium.
Pyoluteorin is an aromatic polyketide antibiotic produced by several Pseudomonas species including strains that suppress plant diseases caused by phytopathogenic fungi (12, 25, 26) . The biological control agent Pseudomonas fluorescens Pf-5 produces pyoluteorin as well as a number of other antifungal compounds: pyrrolnitrin (11), 2,4-diacetylphloroglucinol (28) , hydrogen cyanide (20) , and a pyoverdine siderophore (20) . The spectrum of antibiotic production is remarkably similar to that of P. fluorescens CHA0 (8) . Both strains inhabit the rhizosphere and suppress several soilborne plant diseases including seedling damping-off diseases caused by the oomycete Pythium ultimum (4, 12, 20, 25) . Of the antibiotics known to be produced by Pf-5 or CHA0, pyoluteorin is most toxic to Pythium ultimum (26) although 2,4-diacetylphloroglucinol (17, 28) and pyoverdine siderophores (20) also suppress mycelial growth of the fungus. If applied to seed surfaces, pyoluteorin decreases the severity of Pythium damping-off, protecting the seed from infection by soilborne Pythium ultimum (12) . Nevertheless, the contribution of pyoluteorin production to suppression of Pythium damping-off diseases by P. fluorescens is not clear. Tn5 insertion mutants of Pf-5 that are deficient in pyoluteorin production (Plt Ϫ ) suppress preemergence damping-off of cucumber at levels equivalent to the parental strain, indicating that pyoluteorin production may contribute minimally to disease suppression on this plant host (20) or can be compensated for in certain environments. Similarly, Plt Ϫ mutants of strain CHA0 exhibit wild-type levels of disease suppression on cucumber but the same mutants are less effective than CHA0 in suppression of Pythium damping-off of cress (25) . Taken together, these studies indicate that pyoluteorin can suppress Pythium damping-off if present in adequate concentrations on seed surfaces, but it has a variable role in disease suppression effected by P. fluorescens.
The goal of the present study was to identify genes required for pyoluteorin biosynthesis (plt) by P. fluorescens Pf-5 and to begin evaluating the expression of plt genes by cells grown in culture and on seed surfaces. We previously identified seven Tn5 insertion mutants of strain Pf-5 that were deficient in pyoluteorin production (Plt Ϫ mutants) but were not deficient in the production of other antibiotics (pyrrolnitrin and 2,4-diacetylphloroglucinol), hydrogen cyanide, or a pyoverdine siderophore (20) . Thus, the Plt Ϫ mutants differ from mutants with lesions in global regulatory genes such as apdA (antibiotic production) or gacA (global antibiotic and cyanide regulation), which are deficient in the production of cyanide, protease, tryptophan side-chain oxidase, and antibiotics, including pyoluteorin (2, 20, 21) . Because Plt Ϫ mutants were phenotypically indistinguishable from the parental strain except for pyoluteorin production, we recognized that the Tn5 insertions may be in genes encoding pyoluteorin biosynthetic enzymes. Although structural genes for aromatic polyketide biosynthesis in Streptomyces spp. are typically clustered (16) , the Tn5 insertions inactivating pyoluteorin production were located in at least three EcoRI fragments of unknown linkage in the genome of Pf-5. In this study, the linkage of the EcoRI fragments was demonstrated and a functional plt region, which spans the sites of the seven Tn5 insertions, was cloned from Pf-5. A neomycin phosphotransferase gene was inserted into the transposon Tn3-ice (22) to generate Tn3-nice, which confers kanamycin resistance and contains an ice nucleation gene (inaZ) devoid of its native promoter. The utility of Tn3-nice was demonstrated by the insertion of the transposon into the pyoluteorin production region to generate transcriptional fusions to inaZ. The in situ expression of plt genes by P. fluorescens inhabiting the spermosphere was demonstrated by assessing the ice nucleation activity of Pf-5 containing a transcriptional fusion of the inaZ to a promoter of the plt region.
(Portions of this work were published earlier as an abstract [19] .)
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . Escherichia coli strains were cultured routinely in Luria-Bertani medium (32) at 37ЊC. Pseudomonas strains were cultured at 26ЊC on King's medium B (KMB) (18) , nutrient agar (Difco Laboratories, Detroit, Mich.) containing 2% (wt/vol) glycerol, or medium 523 (14) .
Nucleic acid methods. Plasmids were isolated from E. coli by a Triton lysis method (15) . Genomic DNA was isolated by a cetyltrimethylammonium bromide method (1) . Electrophoresis in agarose gels (0.7%, wt/vol) in Tris-phosphate-EDTA buffer, restriction, and ligation procedures were standard (32) .
Localization of Tn5 insertions in the pyoluteorin production region. Genomic DNA from each of the seven Plt Ϫ Tn5 mutant strains was digested with EcoRI and then ligated to EcoRI-digested pBR322. Recombinant plasmids with inserts of the genomic EcoRI fragment containing Tn5 were selected as transformants of E. coli DH5␣ on LB amended with kanamycin (50 g/ml) and tetracycline (50 g/ml). Locations of the Tn5 insertions within cloned EcoRI fragments were determined by restriction mapping. Locations of the Tn5 insertions were confirmed by Southern hybridization analysis of genomic DNA of Plt Ϫ mutants as described below.
Identification and physical characterization of plt cosmids. Cosmids containing plt genes were identified from a library of Pf-5 genomic DNA constructed in the cosmid vector pLAFR3 by colony hybridization as described previously (30) . The probes used were cloned Tn5-containing EcoRI fragments from JL4296, JL4175, and JL4140 isolated from agarose gels (SeaKem GTG; FMC BioProducts, Rockland, Maine) by electrophoresis onto DEAE paper (Schleicher & Schuell, Keene, N.H.), and labeled with [␣-32 P]dCTP (New England Nuclear, Boston, Mass.) with a random primer labeling kit (Gibco BRL Life Technologies, Gaithersburg, Md.). Cosmids were purified from the hybridizing colonies, and EcoRI, HindIII, and BamHI restriction sites were mapped. Southern blots containing cosmid and genomic DNA from Pf-5 and Plt Ϫ mutants were prepared by using nylon membranes (Nytran; Schleicher & Schuell). Probes were prepared from cloned Tn5-bearing EcoRI fragments or cosmid fragments by nick translation with biotinylated dTTP (Gibco BRL Life Technologies) by using a nick translation kit (Gibco BRL Life Technologies) and purified with a D50 column (International Biotechnologies Inc., New Haven, Conn.). Membranes incubated with the biotinylated probe were washed at high stringency (0.16ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate] at 68ЊC). Hybridizations were visualized with the Blue Gene kit (Gibco BRL Life Technologies).
Mobilization of cosmids. Cosmids were transferred from E. coli HB101 to Pf-5 and derivative strains in triparental matings with E. coli DH5␣(pRK2013), providing the mobilization functions as described previously (30) . Transconjugants of Pf-5 and derivative strains were selected on KMB amended with ampicillin (100 g/ml) or chloramphenicol (100 g/ml) and with tetracycline (200 g/ml) or kanamycin (50 g/ml).
Construction of plt-inaZ transcriptional fusions. The transposon Tn3-nice was constructed as described in Fig. 1A . Tn3-nice contains a promoterless ice nucleation gene (inaZ) from P. syringae and confers resistance to ampicillin and the aminoglycoside antibiotics kanamycin and neomycin (Fig. 1B) . Tn3-nice was introduced into cloned plt genes in triparental matings, with E. coli HB101(pSShe, pTn3-nice, pJEL1938) serving as the donor strain, E. coli DH5␣(pRK2013) serving as the helper, and E. coli C2110 serving as the recipient, as described previously (22) . Transconjugants (C2110 harboring pJEL1938 with Tn3-nice insertions) were selected on Luria-Bertani agar containing 50 g of nalidixic acid per ml, 50 g of kanamycin per ml, and 20 g of tetracycline per ml. Derivatives of pJEL1938 with Tn3-nice insertions in the cloned region were mobilized into Pf-5 via triparental matings; insertions were subsequently introduced into the genome by marker exchange, taking advantage of the instability of pLAFR3-derived plasmids in Pf-5. Locations of the marker-exchanged Tn3-nice insertions were confirmed by hybridization of genomic DNA with biotinylated pLAFR3 or pJEL1938 DNA fragments as probes in Southern blots.
Antagonism tests. Strains of P. fluorescens were grown on 523 agar for 3 days and then overlaid with sporangia of Pythium ultimum N1 as described previously (20) .
Detection and quantification of pyoluteorin. Duplicate cultures of Pf-5 and derivative strains were shaken for 3 days in modified KMB (20) . Cultures of JL4175(pJEL1938) were amended with tetracycline (100 g/ml). Antibiotics were partitioned into ethyl acetate as described previously (20) and evaluated qualitatively by reversed-phase thin-layer chromatography (Whatman KC18F) in acetonitrile-methanol-water (1:1:1) followed by visualization with a diazotized sulfanilic acid spray (31) . The concentration of the pyoluteorin standard in thin-layer chromatography experiments was determined by its A 308 (29) . Pyoluteorin was quantified by high-pressure liquid chromatography (Waters Nova-Pak C 18 reversed-phase column eluted with acetonitrile-methanol-water (7:5:8) at a flow rate of 1.5 ml/min, and photo-diode array detection) with pure pyoluteorin serving as a standard. The detection limit for pure pyoluteorin in this system was 0.02 g.
Quantification of ice nucleation activity of cultured cells. Cultures were grown for 2 days with shaking at 20ЊC in nutrient broth (NB) (Difco) amended with 2% (wt/vol) glucose or 2% (wt/vol) glycerol. Treatments were replicated three times, the experiment was repeated, and results of a representative experiment are presented. Ice nucleation activity of Pf-5 containing a plt::Tn3-nice fusion or ϩ and Plt Ϫ indicate pyoluteorin production and lack of pyoluteorin production, respectively. Ina ϩ and Ina Ϫ indicate ice nucleation activity or lack of ice nucleation activity, respectively, at Ϫ5ЊC. plt-inaZ indicates a transcriptional fusion of the ice nucleation reporter gene (inaZ) to a promoter of a pyoluteorin biosynthesis (plt) gene.
pJEL1703, which bears iceC, an ice nucleation gene transcribed from its native promoter, was quantified by a droplet-freezing assay at Ϫ5ЊC as described previously (22, 23) . Data was analyzed with PCOUNT (Taylor Made Software, Corvallis, Oreg.) and the general linear model analysis of variance and WallerDuncan k-ratio t-test procedures of SAS Institute Inc., Cary, N.C.
Transcriptional activity of the plt promoter on seed surfaces. Pf-5 containing a plt::Tn3-nice fusion or pJEL1703 was cultured at 20ЊC with shaking overnight in NB amended with 2% (wt/vol) glucose. Cells were washed and resuspended in water to an optical density at 600 nm of 0.1. Cucumber or cotton seeds were soaked in the cell suspension for 10 min and planted in 20-g portions of steamed Warden sandy-silt loam adjusted to 15% (wt/wt) moisture (Ϫ0.03 MPa). Seeds retrieved from the soil were placed in phosphate wash buffer (22) and sonicated. The sonicates were evaluated for ice nucleation activity and diluted, and samples of dilutions were plated on KMB plates containing streptomycin (50 g/ml) and cycloheximide (100 g/ml) to determine the number of viable cells of the applied bacterial strain. Treatments were replicated five times, the experiment was repeated, and results of a representative experiment are presented. Data were analyzed with PCOUNT and SAS as described above.
RESULTS
Identification of a genomic region required for pyoluteorin production in Pf-5. EcoRI fragments containing Tn5 and flanking sequences from Plt Ϫ mutants JL4296, JL4175, and JL4140 ( Fig. 2A) were used as probes to identify members of a cosmid library of Pf-5 genomic DNA that contained wild-type alleles of the plt loci. Five cosmids, which hybridized to at least one probe, contained overlapping fragments encompassing 77 kb of Pf-5 genomic DNA. The Tn5 insertions of seven Plt Ϫ mutants of Pf-5 were localized to 21 kb within the cloned region ( Fig. 2A) . One cosmid, pJEL1938, contained DNA that spanned the sites of the seven Tn5 insertions (Fig. 2B) .
Complementation of a pyoluteorin production (Plt ؊ ) mutant. Plt Ϫ mutant strain JL4175 was restored to the Plt ϩ phenotype by the introduction of pJEL1938. Five-day-old cultures of JL4175(pJEL1938) produced 0.6 Ϯ 0.1 g of pyoluteorin per ml of culture supernatant, whereas the wild-type strain Pf-5 produced 3.2 Ϯ 0.1 g of pyoluteorin per ml of culture supernatant; JL4175 produced no detectable pyoluteorin. Therefore, pJEL1938 restored 20% of normal pyoluteorin production to the Plt Ϫ mutant strain. Reasons for partial restoration of pyoluteorin production were not evaluated but include the possibilities that plasmid-encoded genes were not fully expressed and that pJEL1938 contains regulatory regions that, when present in multiple copies, repressed pyoluteorin production. Complementation of the other Plt Ϫ mutants was not evaluated, because of the recalcitrance of strain Pf-5 and derivatives to conjugal transfer and maintenance of pLAFR3-derived plasmids.
Transcriptional fusions of inaZ to regulatory elements of the plt region. The transposons Tn3-ice and Tn3-spice contain a promoterless inaZ gene that, when inserted into a gene in the appropriate orientation, generates a transcriptional fusion conferring ice nucleation activity (22) . Unfortunately, these transposons lack antibiotic resistance markers useful in Pf-5. The neomycin phosphotransferase gene from pUC4K, which functions well as a selectable marker in Pf-5, was inserted into Tn3-ice to form Tn3-nice (Fig. 1) . Derivatives of pJEL1938 containing Tn3-nice insertions in the cloned region were mobilized into Pf-5 via triparental matings; insertions were subsequently introduced into the genome by marker exchange. In this manner, five Tn3-nice insertions were introduced into the pyoluteorin production region of the Pf-5 genome (Fig. 2A) . None of these derivatives of Pf-5 inhibited mycelial growth of Pythium ultimum on 523 agar or produced detectable pyoluteorin in broth cultures. Three of the insertions (JL4365, JL4389, and JL4390) conferred ice nucleation activity on Pf-5, indicating that inaZ was transcribed from a promoter of the plt region. Pf-5 with genomic insertions of Tn3-nice in the opposite orientation (JL4371 and JL4366) did not express ice nucleation activity.
The three ice nucleation-active Tn3-nice insertions were in the same orientation but spanned 15 kb within the plt region of Pf-5. Therefore, transcription of the mutagenized region could be initiated from a single promoter located upstream of the Tn3-nice insertion of JL4389 or from two or more promoters that are in the same orientation within the plt region. To distinguish these possibilities, two distinct restriction fragments were cloned from the plt region and tested for promoter activity. Plasmid pJEL5551 contained 6.3 kb of the plt region upstream of the promoterless inaZ gene of the Tn3-nice insertion JL4365 (Fig. 2C) . Plasmid pJEL5613 contained 4.9 kb of the plt region upstream of the promoterless inaZ gene of the Tn3-nice insertion JL4389. Each of the two plasmids conferred ice nucleation activity to Pf-5. In pJEL5551 and pJEL5613, inaZ was oriented opposite to the lac promoter present in the multiple-cloning site of pVSP61. pJEL1696, a control plasmid that also contains a promoterless inaZ gene cloned in the opposite orientation to p lac in pVSP61 but contains no Pf-5 DNA, did not confer ice nucleation activity to Pf-5. These Pyoluteorin production by Pf-5 was affected by the carbon substrate present in culture media. Pf-5 cultures grown in NB supplemented with glucose produced less pyoluteorin than did cultures grown in NB supplemented with glycerol (Table 2) . Similarly, the three plt::Tn3-nice fusion strains exhibited lower ice nucleation activity when grown in NB supplemented with glucose than when grown in NB supplemented with glycerol (Table 2) . Ice nucleation activity conferred by pJEL5551 and pJEL5613 was 2 orders of magnitude lower in cells grown in NB amended with glucose than in cells grown in NB amended with glycerol (data not shown). Ice nucleation activity expressed by cells containing iceC, an ice nucleation gene of P. syringae transcribed from its native promoter, was not affected significantly by the carbon source of the culture medium, indicating that InaZ protein production and function were not affected by the growth substrates. Therefore, the carbon source in the growth medium had parallel effects on transcriptional activities of the plt promoters and production of pyoluteorin.
Transcriptional activity of the plt promoter on seed surfaces. P. fluorescens JL4365, a derivative of Pf-5 that contained a genomic plt::Tn3-nice fusion, expressed ice nucleation activity on cotton and cucumber seed surfaces (Fig. 3A) . Although a plt promoter was transcribed in cells of P. fluorescens inhabiting seed surfaces, the transcriptional activity of the promoter was considerably lower than the activity in cells grown in NB amended with glycerol ( Fig. 3A ; Table 2 ). The ice nucleation activity increased rapidly within the first 6 h after application of strain JL4365 to cotton seed and peaked at about 12 h after application. Expression of ice nucleation activity on cucumber seed was delayed relative to expression on cotton seed; expression peaked 24 h after cucumber seed was treated with strain JL4365. Cells of Pf-5 containing iceC expressed high levels of ice nucleation activity (ca. one nucleus per cell) in the spermosphere of both plant hosts. Therefore, the effect of the plant host could not be explained by differential effects on InaZ protein production or function. The population size of Pf-5 increased more rapidly and reached a higher level on cotton seeds than on cucumber seeds (Fig. 3B) .
DISCUSSION
The locations of seven Tn5 insertions inactivating pyoluteorin production demonstrate that genomic DNA spanning 21 kb is required for biosynthesis of the aromatic polyketide by Pf-5. A 29-kb fragment encompassing the identified 21-kb plt region partially restored pyoluteorin production to a Plt Ϫ mutant. The size of the plt region is comparable to that of biosynthetic gene clusters of other aromatic polyketides (e.g., actinorhodin, tetracenomycin, and oxytetracycline), which encompass 22 to 47 kb of genomic DNA in Streptomyces spp. (9) . Similarly, regions of 30 to 34 kb are required for the biosynthesis of the polyketide phytotoxin coronatine by P. syringae pv. glycinea (37) and P. syringae pv. tomato (24) . The specificity of plt mutations and the size of the plt region indicate that the cloned region contains a cluster of genes encoding enzymes in the pyoluteorin biosynthetic pathway. Biosynthesis of pyoluteorin is initiated from proline or a related molecule, which is condensed serially with three acetate equivalents, with chlorination and oxidation at unidentified stages (3). Formation and cyclization of the carbon skeleton are likely to proceed by the action of a single multienzyme complex, as for biosynthesis of other aromatic (16) . Studies establishing the presence of genes that encode enzymes catalyzing known steps in the biosynthetic pathway of pyoluteorin are needed to provide definitive evidence for the biosynthetic nature of the plt region. The in situ production of certain antibiotics by Pseudomonas spp. has been demonstrated by chemical analysis of rhizosphere samples (17, 35) , although this method is prohibitively cumbersome for the evaluation of the effects of edaphic or host factors on antibiotic production. It is relatively convenient, however, to detect and quantify products of certain reporter genes from natural habitats. Genetic fusions, with ␤-galactosidase or ice nucleation activities as reporter phenotypes, have enabled researchers to confirm the in situ expression of genes required for the biosynthesis of oomycin A (13), a phenazine (6), and a pyoverdine siderophore (23) in the spermosphere or rhizosphere. The ice nucleation reporter gene (inaZ) is particularly useful for assessing the in situ expression of gram-negative bacteria inhabiting natural habitats (22) . Because neither plant tissue nor soil contains significant numbers of ice nuclei active at Ϫ5ЊC or above, even low levels of inaZ gene expression by an introduced bacterium can be detected and quantified from samples of rhizosphere soil (23) . In this study, we used a transcriptional fusion of inaZ to a promoter in the plt region to establish that the genes required for pyoluteorin production were expressed by P. fluorescens Pf-5 in the spermosphere of cucumber and cotton. The ice nucleation activity expressed by cells of P. fluorescens containing a plt::Tn3-nice fusion was correlated to pyoluteorin production in culture. Therefore, we also considered ice nucleation activity to be an indication that pyoluteorin was produced by cells inhabiting the spermosphere. Plt Ϫ mutants of Pf-5 are as effective as the parental strain in suppression of Pythium damping-off of cucumber (20) but are less effective than Pf-5 in protection of cotton seeds from Pythium damping-off (10) . Similarly, Plt Ϫ derivatives of P. fluorescens CHA0 are fully effective in protection of cucumber from Pythium damping-off but are less effective in protection of cress (25) . Thus, pyoluteorin production appears to contribute differentially to suppression of Pythium damping-off diseases of different plant hosts. Strain Pf-5 established a larger population in the spermosphere of cotton than in the spermosphere of cucumber (Fig. 3B) . Furthermore, the expression of plt genes by P. fluorescens Pf-5 in the cucumber spermosphere was delayed in comparison with that in cotton (Fig. 3A) . Because Pythium ultimum infects cucumber seeds within 12 h of seed imbibition (27) , pyoluteorin must be present in adequate concentrations within the first 12 h after a seed is planted to suppress Pythium preemergence damping-off. Although the concentration of pyoluteorin in the spermosphere and consequent effects on Pythium damping-off are potentially affected by many factors, we speculate that temporal differences in expression of the pyoluteorin biosynthetic genes could contribute to a differential role of pyoluteorin in disease suppression on the two host plants.
Pyoluteorin production and ice nucleation activity conferred by the plt::Tn3-nice fusion were affected significantly by the carbon source of the culture medium in which P. fluorescens was grown. Therefore, it is likely that the expression of these phenotypes is also influenced by the chemical composition of habitats occupied by P. fluorescens in the spermosphere. The mean ice nucleation activity expressed by a population of Pf-5 cells containing plt::Tn3-nice was lower in the spermosphere of cotton or cucumber than in a culture medium favoring pyoluteorin production. Therefore, the plt gene(s) may be transcribed at a relatively low level by all cells of Pf-5 inhabiting seed surfaces of either host plant. Alternatively, a subset of the population may transcribe the plt genes at higher levels than the remainder of the population does. Nevertheless, the mean level of plt gene expression by bacterial populations inhabiting the spermosphere could be limiting to biological control activity of P. fluorescens. Gutterson (7) reported that mutants of P. fluorescens Hv37a that constitutively produce oomycin A are superior to the wild-type strain in suppression of Pythium damping-off of cotton, presumably because of the more rapid accumulation of the antibiotic in the spermosphere. Similarly, the efficacy of Pf-5 could be improved by altering the expression of the pyoluteorin production genes such that effective concentrations of the antibiotic are reached in the spermosphere more quickly after a seed is planted. The genomic region identified in this study will be useful to this end.
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